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Abstract 
The paper presents the results of the laboratory investigation of thermal conductivity of clayey soils subjected to different moisture 
contents. The conductivities of soil specimens are evaluated at two extreme cases: fully saturated and dried state. The latter state is 
achieved by drying the soil specimens in the temperature 105°C. The needle probe test is used for laboratory measurements. 
Theoretical analyses, with the use of two different homogenization approximation schemes, namely the Mori-Tanaka and the Self-
consistent are performed. Using laboratory results and treating them as effective conductivities the conductivity of solid as well as 
the geometry of pores are found. Calibrated model gives the possibility of calculating the effective conductivity of the soil in two 
considered cases: fully saturated and dried state. 
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1. Introduction 
Heat transfer in soils is an important problem in many engineering applications. Due to the fact that it is governed 
by the soil thermal properties, there is a need for research in this area. The overall conductivity of the soil is affected 
by the conductivities of individual constituents including mineral particles, air, water or ice, organic matter and their 
spatial distribution within the soil microstructure [1]. It is therefore evident that the overall soil conductivity is 
significantly influenced by the degree of saturation or, equivalently, by the moisture content. 
This paper presents the laboratory investigation and theoretical analysis of the influence of the moisture content 
and, indirectly the temperature, on the thermal conductivity of soils. First, the needle probe test is performed in order 
to determine the conductivities of soil specimens at two extreme cases: fully saturated and dried state. The latter state 
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is obtained by drying the specimen at the temperature T=105°C. Then, the theoretical analyses, with the use of 
homogenization approximation schemes, namely the Mori-Tanaka and the Self-consistent are performed. Finally, 
using laboratory results and aforementioned approximation schemes, the possible model of soil microstructure 
geometry is found. Final conclusions end the paper. 
 
Nomenclature 
t time  
T  temperature 
Ȝ overall thermal conductivity of soil 
Ȝ20 thermal conductivity of fully saturated soil evaluated at T=20°C 
Ȝ105 thermal conductivity of soil dried at T=105°C 
Ȧ geometrical property of ellipsoidal inclusion 
Sr degree of water saturation 
2. Laboratory results 
The laboratory investigation consisted of the measurements of the physical properties and thermal conductivities 
of soils. Sixteen soil specimens were studied. All the specimens were characterized as clayey soil and they were 
extracted from the depth ranging from approximately 25 to 320 m below the ground level. The physical as well as 
thermal properties of the soils under investigation are listed in Table 1. 
 
Table 1. Physical and thermal properties of the soil samples under investigation. 
No. Symbol Depth Cl Si Sa ȡd ȡ ȡs w=wsat SSA n Ȝ20 Ȝ105 
- - m b.g.l. % % % g/cm3 g/cm3 g/cm3 % m2/g - W/(mK) W/(mK) 
1 OT-1_1 77.0-77.5 39 49 12 1.88 2.14 2.65 14.1 127.3 0.29 1.904 1.074 
2 OT-1_2 104.3-104.8 54 46 - 1.61 1.99 2.56 23.4 148.5 0.37 1.642 0.728 
3 OT-1_3 225.5-226.0 69 16 14 1.82 2.13 2.63 17.0 31.0 0.31 2.265 0.699 
4 OT-1_4 267.6-268.0 70 24 6 1.62 2.00 2.61 23.4 90.7 0.38 1.780 0.789 
5 OT-1_5 291.5-292.0 58 37 5 1.73 2.08 2.67 20.1 102.3 0.35 1.943 1.092 
6 OT-2_1 24.1-24.6 46 51 3 1.62 1.95 2.72 20.4 95.9 0.40 1.960 0.507 
7 OT-2_2 47.5-48.0 41 57 2 1.80 2.10 2.62 16.6 88.5 0.31 2.230 0.786 
8 OT-2_3 98.4-98.9 46 50 4 1.97 2.23 2.68 13.1 121.9 0.26 2.103 0.997 
9 OT-2_4 313.0-313.5 41 32 27 1.75 2.07 2.63 18.4 57.0 0.34 2.325 1.117 
10 OT-3_1 34.5-35.0 58 37 5 1.51 1.92 2.60 26.9 129.3 0.42 1.721 0.587 
11 OT-3_2 60.1-60.5 36 28 36 1.93 2.19 2.63 13.7 90.4 0.27 2.611 0.746 
12 OT-3_3 100.0-100.5 54 42 4 1.94 2.21 2.65 13.8 132.6 0.27 2.098 0.825 
13 OT-3_4 154.6-155.0 42 57 1 1.32 1.80 2.61 36.5 84.1 0.49 1.425 0.788 
14 OT-3_5 262.5-263.0 60 33 7 1.68 2.05 2.61 21.8 102.3 0.36 2.147 1.361 
15 OT-3_6 276.0-276.6 39 40 21 1.85 2.15 2.60 16.0 64.9 0.29 2.553 1.361 
16 OT-3_7 319.1-319.6 47 48 5 1.25 1.71 2.24 36.5 148.1 0.44 1.439 0.667 
 
In the Table above the symbols Cl, Si and Sa denote the content of clay, silt and sand fractions, respectively. 
Furthermore ȡd is the dry bulk density, ȡ is the bulk density, ȡs is the soil particle density, w is the moisture content, 
SSA is the specific surface area and n stands for the porosity. Note that the symbol Ȝ20 denotes the thermal conductivity 
of fully saturated soil (degree of saturation Sr=1) evaluated at the temperature T=20°C, whereas Ȝ105 is the thermal 
conductivity of soil dried (degree of saturation Sr=0) at the temperature T=105°C. One can simply notice that there is 
no significant effect of the mineral composition on the thermal conductivity, however it is worth mentioning that the 
results for fully saturated (Ȝ20) and dry states (Ȝ105) are different. 
The thermal conductivity was investigated by the needle probe test with the use of KD2Pro meter with TR-1 sensor. 
It is one of the transient heat transfer methods of conductivity measurement. During the test, a steel needle probe, 
embedded in a soil specimen, is heated for a specified time period th (usually a half of total measurement time) and 
the temperature changes, for heating and cooling phases, are recorded. Then, these data are fit to the following 
equations: 
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Equation 1 refers to the heating phase whereas Equation 2 to the cooling one. In the equations above, m0 is the 
ambient temperature, m2 is the rate of background temperature drift and m3 is the slope of a line that relates temperature 
increase to lnt. Since (1) and (2) are long time approximations [3] the early time data are ignored, i.e. only the final 
2/3 of the all data collected (during heating and cooling) are used for fitting. Finally, the conductivity is evaluated 
using the relation: 
,
4 3m
q
S
O     (3) 
where q denotes the heat input rate. The exemplary fit to laboratory data is presented in Figure 1. 
  
 
Fig. 1. Temperature vs. time and fitting curve. 
As mentioned above no significant effect of the mineral composition on the thermal conductivity was found. 
Nevertheless, there are other factors affecting the conductivities. In Figure 2a and 2b the relations thermal conductivity 
vs. porosity n and thermal conductivity vs. dry bulk density ȡd  are presented, respectively. 
 
 
Fig. 2. Relation between thermal conductivity and: a) porosity, b) dry bulk density. 
One can notice a significant decrease in the values of the thermal conductivity in relation to porosity for the soil 
samples in both saturated and dry states. Due to the fact that the solid part of the soil has a higher value of thermal 
conductivity than air or water, the increase in porosity causes a notable downward trend, however the slope of the 
decrease is determined by the character of the medium that fills the pores of the soil. Similar tendency is shown in 
Figure 2b, where the relation between thermal conductivity and dry bulk density is provided. It is evident that the 
more solid in the sample, the higher conductivity of the soil. 
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3. Homogenization approximation schemes 
The laboratory results presented in the previous section were applied for the theoretical analysis. The aim of this 
study was to examine whether it is possible to reconstruct the microstructure of the soil based on the laboratory results 
of the thermal conductivity and physical properties. Two models of a two-phase medium corresponding to the soil 
samples investigated were assumed, namely: solid with inclusions being pores filled with water (degree of saturation 
Sr = 1) or air (degree of saturation Sr = 0). Furthermore, the objective was to identify the influence of the pore shape 
and the specific surface area on the thermal conductivity of the soil. 
In the theoretical analyses two homogenization approximation schemes were applied, i.e. Mori-Tanaka and Self-
consistent. Both schemes are based on the solution of a single inclusion embedded in the infinite matrix. In Mori-
Tanaka scheme, the effective thermal conductivity is given as [4]: 
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where ci is the volume fraction of i-th component and  Pi,m denotes the localization tensor: 
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In the Equations above Om is the thermal conductivity of matrix (solid) whereas the radii R1, R2, R3 characterize the 
geometry of inclusions (pores) - see Fig. 3. In the case of the Self-consistent scheme the effective parameters are 
approximated by solving a problem of inclusion embedded in a uniform matrix whose effective conductivity is the 
same as the one of the composite. Thus, for a macroscopically isotropic medium, effective thermal conductivity can 
be evaluated by solving the following equation [4]: 
hom ,
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( ) 0.O O
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Using the laboratory results of the thermal conductivities (and treating them as the effective conductivity Ohom) the 
approximation schemes were used to determine the thermal conductivity of the solids Os and the possible geometry of 
the pores of ellipsoidal shape characterized by the parameter Ȧ. The physical meaning of this coefficient is presented 
in Figure 3. 
 
 
Fig. 3. The possible geometry of inclusions. 
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The results, namely the values of coefficient Ȧ and solid conductivity Os, are listed in Table 2. Note that the superscript 
M-T (S-C) denotes that the result is obtained using Mori-Tanaka (Self-consistent) scheme. One may notice that the 
values of the solid thermal conductivity corresponding to the Mori-Tanaka and Self-consistent are similar, within 15% 
of relative error. The estimated values are in a good agreement with those presented in the literature [1]. On the other 
hand, for each soil specimen, the coefficient Ȧ deriving from M-T scheme is smaller by the order than the one obtained 
by S-C approach. The relation between solid conductivity Os and specific surface area (SSA) was also found. The 
results corresponding to M-T and S-C schemes are graphically presented in Figure 4a and 4b, respectively. Both 
approximations show the decrease of Os with increasing the SSA. In Figure 5 the influence of porosity on the value of 
coefficient Ȧ is also provided. It can be noticed that the increase of porosity n triggers the increase of Ȧ. 
Table 2. Results of the theoretical analyses. 
No. Symbol ȦM-T ȜsM-T ȦS-C ȜsS-C 
- - - W/(mK) - W/(mK) 
1 OT-1_1 0.0570 2.93 0.1100 2.84 
2 OT-1_2 0.0450 2.84 0.1150 2.70 
3 OT-1_3 0.0160 4.32 0.0420 3.87 
4 OT-1_4 0.0440 3.28 0.1200 3.07 
5 OT-1_5 0.0660 3.37 0.1500 3.25 
6 OT-2_1 0.0145 4.57 0.0580 3.87 
7 OT-2_2 0.0200 4.15 0.0520 3.75 
8 OT-2_3 0.0325 3.24 0.0630 3.10 
9 OT-2_4 0.0370 4.58 0.0990 4.14 
10 OT-3_1 0.0283 3.60 0.1000 3.24 
11 OT-3_2 0.0112 4.90 0.0275 4.38 
12 OT-3_3 0.0230 3.35 0.0470 3.19 
13 OT-3_4 0.1200 2.82 0.3800 2.75 
14 OT-3_5 0.0850 3.89 0.2100 3.71 
15 OT-3_6 0.0400 4.54 0.0890 4.20 
16 OT-3_7 0.0680 2.60 0.2200 2.51 
 
 
Fig. 4. Relation between specific surface area and thermal conductivity of solids: a) Mori-Tanaka, b) Self-consistent. 
 
Fig. 5. Relation between porosity of soils and parameter Z: a) Mori-Tanaka scheme, b) Self-consistent. 
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4. Conclusions 
The primary objective of this paper was to investigate the influence of the moisture content and, indirectly the 
temperature, on the thermal conductivity of soils. Sixteen clayey soil samples were investigated. The conductivities 
of soils were measured at two extreme states, namely fully saturated and dried one. The latter state was obtained by 
drying the soil specimens at the temperature T=105°C. 
The theoretical part of the paper was focused on evaluation of the conductivity of solid Os and the possible pore 
geometry described by the coefficient Ȧ. Two homogenization approximation schemes were used, namely Mori-
Tanaka and Self-consistent. Treating the conductivities obtained in the laboratory as the effective ones these schemes 
were used to determine the thermal conductivity of the solids Os and the possible geometry of pores.  
The following conclusions can be drawn from the laboratory investigations: 
i. the thermal conductivity of a soil is substantially affected by its porosity, moisture content, degree of 
saturation as well as the dry bulk density (see Table 1 and Figure 2), 
ii. there is no significant effect of the mineral composition on the soil thermal conductivity,  
iii. the conductivity in fully saturated state (Ȝ20) and dry state (Ȝ105) are different – for each soil specimen Ȝ105 
is significantly smaller than Ȝ20, 
The following conclusions can be drawn from the theoretical analyses: 
i. the values of the thermal conductivity of solid approximated by M-T and S-C are similar while the 
coefficient Ȧ deriving from M-T scheme is less than the one obtained by S-C approach (Table 2), 
ii. the obtained values of solid conductivities are significantly greater than the overall soil conductivity and 
are in a good agreement with the values present in the literature (e.g. [1]), 
iii. thermal conductivity of solid decreases with increasing the SSA (Fig. 4), 
iv. with the increase in porosity of the soil, the shape of pores changes from the flat discs to more spherical 
ones (Fig. 5), 
v. the calibrated model of the soil microstructure gives a possibility to calculate the effective thermal 
conductivity of the soil with the use of aforementioned approximation schemes for dry and fully saturated 
soil, 
vi. finding a model for different degrees of saturation is a challenge for the future studies in this area. 
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